Major complications spanning from coronary artery disease, peripheral arterial disease, and retinopathy to stroke contribute to the increased morbidity and mortality in diabetes. Increasing occurrence of diabetes in younger individuals is especially alarming when one considers the development of these complications over the course of the disease. Although impaired collateralization and angiogenesis play an important role in coronary artery disease and peripheral arterial disease, in diabetic retinopathy, excess angiogenesis leads to increased edema, bleeding, and ultimately resulting in blindness ([@B1]--[@B3]). Our understanding of how diabetes affects cerebral vascularization is not equally clear.

Neovascularization can involve vasculogenesis, angiogenesis, and arteriogenesis ([@B4]--[@B6]). We reported extensive vascular remodeling and arteriogenesis in the pial vessels in Goto-Kakizaki (GK) rats, a lean and mild model of type 2 diabetes. We also showed that when an ischemic stroke is superimposed on this existing vascular condition, diabetic animals develop hemorrhagic transformation (i.e., bleeding into the infarct) and perform poorly on neurobehavioral tests ([@B7]). Prevention of pial remodeling by glycemic control or inhibition of matrix metalloproteinases (MMPs) was associated with reduced hemorrhagic transformation and improved neurologic outcome ([@B8]). The spatial and molecular regulation of angiogenesis and its impact on stroke outcome remain to be determined.

Reactive oxygen species (ROS) are involved in the regulation of neovascularization ([@B9],[@B10]). Although low levels of ROS, peroxynitrite in particular, can propagate the angiogenic signal of VEGF, excess ROS can be detrimental and inhibit vascular endothelial growth factor (VEGF)-mediated cell survival ([@B11]--[@B13]). Inhibition of peroxynitrite prevents neovascularization in ischemic retinopathy ([@B14]). Building on these findings, we tested the hypotheses that *1*) cerebral but not peripheral angiogenesis is increased in a spatial manner in the GK model of diabetes and *2*) peroxynitrite orchestrates VEGF-mediated angiogenic signal in the brain microvasculature in diabetes.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Assessment of cerebral neovascularization. {#s2}
------------------------------------------

Weight-matched control and diabetic GK rats (male, 270--310 g) were used for the study in accordance with National Institutes of Health guidelines for the care and use of animals in research and under protocols approved by the Georgia Health Sciences University. Diabetic rats had higher blood glucose levels (95.3 ± 3.0 vs. 176.2 ± 7.5 mg/dL; *n* = 19). Animals were injected with 500 μL of 50 mg/mL fluorescein isothiocyanate (FITC)-dextran (molecular weight 2,000,000; Sigma-Aldrich, St. Louis, MO) through the jugular vein under pentobarbital anesthesia. Brains were cut into 2-mm slices (labeled A--G rostral to caudal) ([Fig. 1*A*](#F1){ref-type="fig"}) and processed in 4% paraformaldehyde (24 h) and 30% sucrose in PBS. Z-stacked confocal images of 100-μm sections from regions B (anterior to the middle cerebral artery \[MCA\] comprising the frontal cortex-sensory, bregma 3 to 1), C (medial where the MCA branches out to supply the frontal motor cortex, bregma 1 to −1), and D (posterior to the MCA comprising of the parietal cortex, bregma −1 to −3) were acquired using Zeiss LSM 510 confocal microscope in the regions of interest (ROIs) within the cortex and striatum ([Fig. 1*B*](#F1){ref-type="fig"}, indicated by yellow and orange squares). ROIs were based on our previous findings demonstrating the location of infarcts and hemorrhage in the diabetic and control rats ([Fig. 1*B*](#F1){ref-type="fig"}). An overall representation of these regions was obtained by imaging ROIs from three different sections obtained from one slice. Values were obtained from each ROI, and a mean value of three images from each section was calculated. Each measurement from one animal comprised an average of nine images from either the cortical or striatal region. Retinal flat mount, gastrocnemius, and soleus muscles were prepared similarly in the same animals to assess neovascularization in different vascular beds. Z-step was defined as 1.984 µm, image size 512 × 512 pixels, 25 × lens. Image stacks were imported into Volocity (Improvision, Lexington, MA) and reconstructed three dimensionally. The FITC channel was classified to establish an intensity threshold, set to intensities five times above background immunofluorescence (calculated from random adjacent areas where no vasculature was observed).

![Comparison of cerebral vascularization and its spatial distribution in control and diabetic GK rats. Different brain regions (*A*) and ROIs (*B*) where angiogenic parameters were assessed. *C*: Representative FITC-perfused cerebrovascular images from control and diabetic rats showing differences in angiogenesis in the cerebral cortex and striatum. *D*--*F*: Significant differences in vascular density (*D*), volume (*E*), and surface area (*F*) were observed between the cortex and striatum in both control and diabetic groups; however, diabetic rats exhibited a more than twofold increase in vascular density in the ROI in *C* and *D*. *E* and *F*: Vascular volume and surface area were markedly increased in both the cortex and striatum of the diabetic group compared with controls. \**P* \< 0.01 cortex vs. striatum; \#*P* \< 0.05 diabetes vs. control. Data are means ± SEM, *n* = 4--11. (A high-quality digital representation of this figure is available in the online issue.)](1533fig1){#F1}

Vascular density refers to the density of FITC-stained vasculature from the merged planes over the total area of the section. This parameter determines the change in vascularization in a given reference area and is independent of Z-function. Vascular volume refers to the ratio of the volume of the vasculature to the total volume (reference volume) of the section on a Z-stack ([@B15]). Surface area represents the absolute surface area of the vasculature, and a proportional increase in surface area with vascular volume represents increased vasculature.

To differentiate perfused and nonperfused immature vasculature, FITC-stained brain sections were costained with biotinylated isolectin B4 (Vector Laboratories, Burlingame, CA) overnight at 4°C. The sections were then incubated with Texas Red Avidin D (Vector Laboratories) for 2 h at room temperature. Images were acquired using a Zeiss confocal microscope, and colocalization measurements were carried out using Image J.

In vitro angiogenesis assays. {#s3}
-----------------------------

Cell proliferation, migration, and tube formation assays were used as the indices of angiogenic potential of endothelial cells. Primary brain microvascular endothelial cells (BMECs) were isolated from control and GK rat brains by an immunomagnetic method of separation using Dynabeads. Whole brains were extracted under aseptic conditions, and the pial macrovasculature and the white matter was discarded. The cerebrum was minced and incubated overnight with collagenase/dispase (Roche, Indianapolis, IN). Following incubation, the digestate was filtered through a 100-µm sieve and centrifuged, and the fraction containing microvascular segments were washed twice with PBS. Next, this fraction was incubated with CD31 antibody (BD Biosciences, Bedford, MA) for 4 h at 4°C and reincubated with secondary coated Dynabeads (Invitrogen, Carlsbad, CA) for 1 h. Cells attached to the Dynabeads were pulled down using a magnet; suspended in growth medium containing 10% FBS, 5% bovine calf supplement, 5 mmol/L glucose, and endothelial cell growth supplement; and cultured on fibronectin-coated flasks under standard 5/95% CO~2~/air conditions. Cell proliferation assay was carried out by plating 70,000 cells, and the number of cells, cell volume, and diameters were measured using a Scepter automated cell counter (Millipore, Billerica, MA) 24 and 48 h after plating.

For the cell migration assay, cells were grown until confluency and serum starved for 8 h before performing the assay ([@B16]). A wound/scratch was created with a sterile pipette tip, and the distance uncovered was measured 24 h postscratch. During this time, no exogenous growth factors were added. An average of three measurements were taken, and the percentage recovery of scratch distance was calculated as (\[total scratch distance − average distance uncovered\]/total scratch distance) × 100. To determine the role of endogenous VEGF and downstream signaling in cerebral angiogenesis, the assay was repeated using cells pretreated with VEGF-neutralizing antibody (0.5 μg/mL; R&D Systems, Minneapolis, MN), peroxynitrite decomposition catalyst 5,10,15,20-tetrakis(4-sulfonatophenyl) porphyrinato iron (III) chloride (FeTPPs) (2.5 µmol/L; EMD Biosciences, San Diego, CA), src kinase inhibitor PP2 (1 μmol/L; Calbiochem Cambridge, MA), and MMP inhibitor minocycline (100 μmol/L; Sigma-Aldrich) for 2 or 24 h before the migration assay. In addition, control cells were cultured with conditioned medium collected from BMECs of diabetic rats with or without a VEGF-neutralizing antibody after the scratch was made.

For tube formation assay, 70,000 BMECs were suspended in reduced matrigel (BD Biosciences) mixed with serum free media and allowed to polymerize at 37°C. Tube-like structures were counted in a unit area at 24 and 48 h.

Assessment of pericytes. {#s4}
------------------------

For preparation of brain capillaries, tissue was homogenized as reported previously ([@B17],[@B18]). The pellet was resuspended in 15% dextran in DMEM and passed through an 80-mm nylon mesh. Microvessels were collected and resuspended in DMEM. Microvessels were \>95% viable by trypan blue exclusion. In addition, exclusion of large vessels and the capillary nature of the preparation were confirmed by analysis on the Meridian ACAS 470 laser cytometer with computer-generated size determinations. Staining of microvessel preparations indicated that there were no neurons or glial-cell contaminants ([@B17]--[@B19]). Samples were allowed to adhere to coverslips and stained with 4',6-diamidino-2-phenylindole. To determine the number of pericytes, round nuclei were counted versus elongated nuclei (endothelial cells) ([@B17],[@B18]).

Isolation of cerebral vessels. {#s5}
------------------------------

Macro- and microvessels were isolated and homogenized in radioimmunoprecipitation assay buffer, as previously described ([@B20]). Homogenates were immunoblotted with VEGF and nitrotyrosine antibodies, as described below.

Immunoblotting. {#s6}
---------------

To measure the endogenous production of VEGF, BMEC supernatants were collected after serum starvation and incubated with 30 μL of heparin agarose beads overnight at 4°C. After centrifugation, beads were boiled with loading buffer for 10 min, separated on 10% SDS gels, transferred to a polyvinylidene fluoride membrane, and incubated with anti-VEGF antibody (R&D Systems) overnight. Following incubation with secondary antibody, bands were visualized using ChemiGlow from Alpha Innotech (San Leandro, CA). All blots were stripped and reprobed with anti-actin antibody to ensure equal protein loading.

To study the effect of peroxynitrite formation on VEGF signaling, BMECs were pretreated with 2.5 μmol/L FeTPPS for 30 min and then challenged with 30 ng VEGF for 10 min. Published studies and our pilot findings (data not shown) showed that this protocol causes a rapid increase in peroxynitrite formation and VEGF receptor (VEGFR) phosphorylation ([@B14]). Cell lysates prepared in radioimmunoprecipitation assay buffer (35 μg) were immunoblotted using antibodies against native and phosphorylated VEGF receptor 2 (VEGF-R2) (Cell Signaling Technology, Danvers, MA) anti-nitrotyrosine (Millipore, Billerica, MA), and native and phosphorylated c-src, MMP-2, and membrane-type (MT1)-MMP (Calbiochem). The proteolytic activity of MMP-2 in cell culture supernatants prepared from each group was determined by gelatin zymography ([@B21]).

Statistical analysis. {#s7}
---------------------

Data are expressed as means ± SE. Data were evaluated for normality, and appropriate transformations were used when necessary. Exact two-group Wilcoxon tests were used to study the effect of disease (control vs. diabetes). Exact tests are appropriate when a dataset is small, sparse, or skewed. A 2 × 2 mixed-model repeated-measures ANOVA (RMANOVA) was used to study the effect of disease (control vs. diabetes) and area of the brain (cortex vs. striatum) and their interaction on log percent vascular density, vascular volume and surface area, and the ratio of percent nonperfused vasculature to total vasculature. A 2 × 2 RMANOVA also was used to study the effect of disease and time (24 vs. 48 h) and their interaction on log number of tubes per loops and percent increase in proliferation. A one-way ANOVA was used to assess the effect of treatment for controls (none, diabetic endothelial cell--conditioned media (ECM), diabetic ECM + anti-VEGF antibody) on percent recovery of scratch distance in 24 h. A 2 × 3 ANOVA was used to study the effect of disease and treatment and their interaction using VEGF-neutralizing antibody, FeTPPs, PP2, and minocycline as the treatments and measuring percent recovery at 24 h as the outcome. A Tukey test was used to adjust for the multiple comparisons for significant effects in the previous analyses. A one-way ANOVA within disease was used to study the effect of treatment (untreated, FeTPPs, VEGF, and FeTPPs + VEGF) on the ranked data for the phosphorylated VEGF-R2--to--VEGF-R2 ratio, nitrotyrosine, and the phosphorylated src--to--src ratio. A Dunnett test was used to compare treated with untreated groups for significant effects. Statistical significance was determined at α = 0.05, and because of the small sample sizes for some of the variables a statistical trend was determined at α = 0.10. SAS version 9.2 (SAS Institute, Cary, NC) was used for all analyses.

RESULTS {#s8}
=======

Diabetes-mediated cerebral angiogenesis is spatially regulated. {#s9}
---------------------------------------------------------------

In all sections ([Fig. 1*A* and *B*](#F1){ref-type="fig"}, frontal sensory cortex \[B\], frontal motor cortex \[C\], and parietal cortex \[D\]), cortical vascular density, volume, and surface area were greater than in that observed in the striatum ([Fig. 1*D*--*F*](#F1){ref-type="fig"}). Furthermore, diabetes significantly increased all these parameters especially in the [Fig. 1*A*](#F1){ref-type="fig"}, C area. There was a progressive increase (rostral to caudal) in both cortical and striatal vascular density, volume, and surface area in the diabetic group ([Fig. 1*D*--*F*](#F1){ref-type="fig"}).

Diabetes uniquely mediates cerebral neovascularization while regressing the peripheral vasculature. {#s10}
---------------------------------------------------------------------------------------------------

Isolectin costaining of FITC-filled sections allowed differentiation of perfusing (FITC and isolectin colocalization) and nonperfusing (isolectin alone) vessels. In accordance with the Volocity data, the total vasculature was relatively greater in the diabetic group and more so in the cortex compared with controls. Greater colocalization of FITC and isolectin in the cortex and striatum of the control group ([Fig. 2*A*](#F2){ref-type="fig"} and [Supplementary Fig. 1*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1528/-/DC1)) indicated that vessels were more mature and more likely to be perfused. There was relatively more isolectin staining in diabetic sections, indicating that there are more newly formed and nonperfusing vessels in both the cortex and striatum in the diabetic group ([Fig. 2*B*](#F2){ref-type="fig"} and [Supplementary Fig. 1*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1528/-/DC1)). The ratio of pericyte to endothelial cell was significantly reduced in the diabetic group compared with the control group ([Fig. 2*B*](#F2){ref-type="fig"}), providing additional evidence for the immature nature of the vessels in diabetes.

![Immature cerebral microvessels are more abundant in diabetes. *A*: Diabetic group had significantly increased cortical and striatal nonperfused vessels compared with controls. *B*: Pericyte-to-endothelial ratio was decreased in the diabetic group. *C*: There was a visual but not statistically significant increase in retinal vasculature, whereas peripheral vasculature was decreased in diabetes. \**P* = 0.0016 diabetes vs. control; ψ*P* = 0.01; \*\**P* = 0.029 diabetes vs. control. Data are means ± SEM, *n* = 3--4 (exact Wilcoxon test).](1533fig2){#F2}

Neovascularization was compared in three different vascular beds. Although the vessels appeared remodeled and larger in diabetic animals, vascular density was significantly decreased in gastrocnemius muscles in the diabetic rats compared with controls ([Fig. 2*C*](#F2){ref-type="fig"} and [Supplementary Fig. 1*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1528/-/DC1)). There was a nonsignificant increase in vascular density in the diabetic retinal vasculature exhibiting collateralization ([Fig. 2*C*](#F2){ref-type="fig"} and [Supplementary Fig. 1*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1528/-/DC1)). Retinal capillaries also appeared kinked along the abluminal surface.

Angiogenic factors are increased in cerebral microvessels of diabetic animals. {#s11}
------------------------------------------------------------------------------

Because VEGF is the major angiogenic factor involved in diabetic retinopathy, VEGF protein levels were measured in micro- and macrovessel preparations. The VEGF dimer detected \~45 kDa was greater in the microvessels but not macrovessels of diabetic animals ([Fig. 3*A*](#F3){ref-type="fig"}). Slot-blot analysis showed that these vessels also exhibit greater nitrotyrosine levels ([Fig. 3*B*](#F3){ref-type="fig"}).

![Increased VEGF expression and tyrosine nitration status of micro- and macrovasculature in diabetes. *A*: VEGF levels were significantly increased in the cerebral microvasculature but not the macrovasculature in diabetes. *B*: Both diabetic micro- and macrovasculature had significantly increased tyrosine nitration compared with controls. \**P* = 0.001; \*\**P* = 0.05 diabetes vs. control. Data are means ± SEM, *n* = 4 (exact Wilcoxon test).](1533fig3){#F3}

Cerebral microvascular endothelial cells exhibit increased angiogenesis. {#s12}
------------------------------------------------------------------------

BMECs from diabetic animals showed tube-like structures within 1 day of incubation, whereas the control endothelial cells underwent tubulogenesis 2 days after incubation ([Fig. 4*A* and *B*](#F4){ref-type="fig"}). Cell proliferation also was significantly increased in diabetes ([Fig. 4*C*](#F4){ref-type="fig"}). BMECs from diabetic rats were morphologically different, as indicated by smaller diameter and volume ([Fig. 4*D* and *E*](#F4){ref-type="fig"}).

![Diabetic BMECs show significant increases in tubologenesis over time. *A*: Representative images of BMECs showing more tube formation in the diabetic group after 24 and 48 h of plating on reduced matrigel. *B*: Diabetic BMECs have significantly increased tube formation properties after 24 and 48 h of plating on reduced matrigel than in control cells. *C*: Diabetic BMECs have a significantly higher percentage increase in proliferation after 24 and 48 h. *D* and *E*: Diabetic BMECs have significantly smaller cell mean diameter and volume compared with control cells, respectively. \**P* \< 0.01 diabetes vs. control; \#*P* \< 0.01 24 vs. 48 h; \*\**P* = 0.0022 diabetes vs. control. Data are means ± SEM, *n* = 3--6.](1533fig4){#F4}

Spontaneous cell migratory response was greater in diabetes ([Fig. 5*A* and *B*](#F5){ref-type="fig"}). To study if a growth factor released by the diabetic endothelial cells had the ability to increase cell migratory response in control endothelial cells, the diabetic BMECs were serum starved and the ECM was collected after 24 h. Control BMECs grown in this conditioned media showed greater cell migration compared with control, and the presence of VEGF-neutralizing antibody restored the cell migratory properties to control levels ([Fig. 5*A*--*C*](#F5){ref-type="fig"}). VEGF-A levels, especially the dimer form, were significantly increased in the culture media obtained from BMECs of diabetic rats ([Fig. 5*D* and *E*](#F5){ref-type="fig"}).

![Diabetic BMECs have increased cell migration that is mediated by VEGF in an autocrine manner. *A*: Representative images of BMECs showing increased spontaneous cell migration. *B*: Representative images of control cells treated with conditioned medium from diabetic cells in the presence and absence of VEGF-neutralizing antibody. Control BMECs treated with diabetic BMEC-conditioned media show increased cell migration and anti-VEGF antibody inhibits this effect significantly. *C*: Quantitative analysis of data shown in *A* and *B*. Diabetic BMECs plated on fibronectin show significantly increased spontaneous cell migration after 24 h. Control cells showed enhanced migratory properties when treated with diabetic endothelial cell--conditioned media (ECM), and VEGF-neutralizing antibody significantly abrogated this response. \**P* = 0.0026 across control groups; \*\**P* \< 0.05 vs. other control groups by Tukey post hoc analysis. Data are means ± SEM, *n* = 5--7. *D* and *E*: Diabetic endothelial cells secrete relatively higher levels of native and dimerized VEGF-A. \#*P* = 0.016 diabetes vs. control. Data are means ± SEM, *n* = 3--8 (exact Wilcoxon test). (A high-quality color representation of this figure is available in the online issue.)](1533fig5){#F5}

Roles of peroxynitrite, c-src, and MMPs in endothelial cell migration. {#s13}
----------------------------------------------------------------------

To demonstrate the involvement of VEGF and peroxynitrite signaling in the increased angiogenic response in diabetes, we first determined the basal levels of native and phosphorylated VEGF-R2, nitrotyrosine, native and phosphorylated c-src, as well as MT1-MMP and MMP-2. Phosphorylated VEGF-R2, phosphorylated c-src, and nitrotyrosine levels were greater in BMECs from diabetic animals compared with control cells ([Fig. 6*A*--*C*](#F6){ref-type="fig"}). Although there was no difference in secreted MMP-2 (pro- or active form), cellular MMP-2 and MT1-MMP were higher in the diabetic BMECs compared with control ([Fig. 6*D*--*F*](#F6){ref-type="fig"}).

![Effect of diabetes on basal expression and phosphorylation status of angiogenesis mediators. *A*: Native and phosphorylated VEGF-R2 levels were determined by immunoblotting. Phospho-VEGF was increased in diabetic BMECs. Data are means ± SEM, *n* = 3. *B*: In parallel with increased VEGF-R2 activation, c-src phosphorylation also was increased in diabetes. Data are means ± SEM, *n* = 4. *C*: Diabetic endothelial cells have elevated protein tyrosine nitration compared with controls. Data are means ± SEM, *n* = 6--11. *D* and *E*: MMP-2 activity was assessed by gelatin zymography. Although there was no difference in secreted latent and active MMP-2, cell-associated MMP-2 was significantly increased. *F*: MT1-MMP levels determined by immunoblotting were greater in diabetes. Data are means ± SEM, *n* = 3--4. \**P* = 0.0079 diabetes vs. control; \#*P* = 0.029 diabetes vs. control; ψ*P* = 0.015 diabetes vs. control; \*\**P* = 0.057 diabetes vs. control (exact Wilcoxon test).](1533fig6){#F6}

To determine the roles of endogenous VEGF and downstream signaling molecules, including peroxynitrite, src kinase, and MMPs, in mediating the angiogenic response in BMECs, cells were pretreated for 2 or 24 h with either a VEGF-neutralizing antibody, FeTPPs, PP2, or minocycline, respectively, and cell migration at 24 h after treatment was assessed. With all treatments, there was a disease-and-treatment interaction such that treatments had no effect on the migratory response of control cells in the absence of an exogenous growth factor stimulation but reduced the migratory response of diabetic BMECs to levels seen in control cells ([Fig. 7*A*--*D*](#F7){ref-type="fig"}).

![Evidence for involvement of endogenous VEGF signaling in increased migration in diabetes. The role of various angiogenic proteins were assessed by using respective inhibitors on cell migration assays. Two- or 24-h pretreatment with anti-VEGF antibody (*A*), peroxynitrite decomposition catalyst FeTPPs (*B*), src inhibitor PP2 (*C*), or MMP inhibitor minocyline (*D*) significantly reduced migration of BMECs in diabetic but not control endothelial cells. \#*P* \< 0.05 vs. untreated diabetes; \**P* \< 0.01 untreated diabetes vs. control. Data are means ± SEM, *n* = 4--7.](1533fig7){#F7}

Effect of peroxynitrite inhibition on VEGF signaling. {#s14}
-----------------------------------------------------

To determine how peroxynitrite modulates VEGF signaling, cells were first pretreated with FeTPPs and then stimulated with VEGF. The greater basal VEGFR and c-src activation as well as tyrosine nitration observed in diabetic cells were all reduced with FeTPPs ([Fig. 8*A*--*C*](#F8){ref-type="fig"}), suggesting that peroxynitrite modulates VEGFR activation. Although VEGF stimulation increased VEGFR and c-src phosphorylation in control cells as expected, in diabetic cells there was no further increase. Pretreatment with FeTPPs prevented VEGF-stimulated VEGFR and c-src activation as well as protein tyrosine nitration in control cells. In diabetic cells, VEGF stimulation in the presence of FeTPPs yielded similar results to FeTPPs alone.

![The differential effect of exogenous VEGF on VEGF signaling in control and diabetic cells. Cells were treated with vehicle, peroxynitrite decomposition catalyst FeTPPs alone, VEGF alone, or VEGF plus FeTPPs. Phosphorylated VEGF receptor activation (p-VEGF-R2--to--VEGF-R2 ratio), peroxynitrite formation, and phosphorylated c-src activation (p-c-src--to--c-src ratio) were determined by immunoblotting, as shown in *A*--*C*, respectively. Exogenous VEGF treatment stimulated VEGF-R2 activation, c-src activation, and tyrosine nitration in control cells, and cotreatment with FeTPPs prevented this activation. Diabetic cells that show increased basal VEGF-R2, c-src, and nitrotyrosine activation do not show further elevation in response to exogenous VEGF but respond to FeTPPs treatment, indicating that peroxynitrite sustains VEGF-R2 phosphorylation and also mediates downstream signaling in these cells. *D*: Schematic representation of the role peroxynitrite in modulation of the angiogenic signal in brain microvascular endothelial cells. \**P* \< 0.05 vs. other control groups; \*\**P* \< 0.01 vs. untreated control; \#*P* \< 0.05 vs. untreated diabetes. (A high-quality color representation of this figure is available in the online issue.)](1533fig8){#F8}

DISCUSSION {#s15}
==========

We have previously shown that cerebral neovascularization is stimulated in a mild model of type 2 diabetes, as evidenced by increased collateral number and diameter in the pial circulation ([@B7],[@B8],[@B22]). The goals of the current study were *1*) to determine whether neovascularization also involves angiogenesis in this model; *2*) if so, understand the spatial regulation and mechanism of this enhanced neovascularization; and *3*) investigate whether these vascular changes are unique to the cerebral circulation. The results provide intriguing new evidence that mild diabetes stimulates cerebral angiogenesis in a spatial manner, whereas it has an opposing effect on the peripheral vasculature. Furthermore, VEGF and peroxynitrite together are the key regulators of angiogenesis in cerebral microvascular endothelial cells via sequential activation of c-src followed by MMP-2 and MT1-MMP.

Diabetes is an exponentially expanding epidemic disease that leads to severe complications. Most diabetes complications have a significant vascular component and have been classified as either microvascular (nephropathy, retinopathy, and neuropathy) or macrovascular (heart disease, stroke, and peripheral arterial disease) ([@B23],[@B24]). Macrovascular classification of stroke was mainly based on accelerated atherosclerosis in diabetes leading to narrowing of the carotid arteries. However, accumulating evidence suggests that small-vessel disease also is important for neurologic disorders such as dementia and stroke in patients with diabetes ([@B25]--[@B27]). These patients develop both large artery and terminal arteriole (lacunar) infarcts associated with increased incidences of bleeding ([@B28]--[@B31]). This line of clinical evidence emphasizes the need for preclinical studies focusing on the microvasculature of the brain in diabetes. Tissue-specific and spatial regulation of angiogenesis in experimental diabetes as we demonstrate in this study may be particularly significant for several reasons. First, we have reported that diabetic GK rats develop greater hemorrhagic transformation, especially around the infarcted area upon temporary middle cerebral artery occlusion and have poor functional outcome ([@B7],[@B8]). Differences in cerebrovascular architecture were previously observed within human cerebral cortex and between the striatum in rats and mice ([@B32]--[@B34]). Likewise, in this study we observed not only greater cerebral density of perfusing microvasculature in the cortex than in the white matter but also demonstrated that this difference is more pronounced in diabetic rats, which may partially explain smaller cortical infarcts in this model. Second, we now provide evidence that in addition to overall greater vascular density, there is more nonperfused new vessel formation in brain sections where we reported overt macroscopic bleeding in our past studies. Furthermore, there is less pericyte support indicative of the immature nature of these vessels, which may render the diabetic vessels more prone to reperfusion injury, leading to greater hemorrhagic transformation. Third, this pronounced neovascularization seems to be unique to the cerebral and retinal vasculature. As past studies reported, we also found impaired neovascularization of the skeletal muscle ([@B35]), whereas there was increased retinal vascular density and remodeling as seen in proliferative retinopathy ([@B36],[@B37]). Collectively, our results suggest that angiogenesis in the brain may explain the increased bleeding and vascular permeability that we reported in the diabetic animal model.

Endothelial cells are the first target of oxidative stress, matrix degradation, and metabolic changes occurring in diabetes. Micro- and macrovascular endothelial cells differ in function and protein expression at the organ level ([@B38],[@B39]). Although past studies provided information on the molecular mechanisms of angiogenesis in retinal and coronary endothelial cells, little is known about cerebral microvascular endothelial cells ([@B40]--[@B43]). Furthermore, most if not all studies used either endothelial cell lines or primary cells isolated from normal animals to investigate the VEGF-mediated angiogenic response. The current study provide novel data by first studying brain microvascular endothelial cells and second by comparing the angiogenic potential of cells isolated from control versus diabetic rats. VEGF-A is a 22-kDa glycoprotein with five different isoforms, and it is one of the best-studied angiogenic factors ([@B44]). VEGF~165~ is activated in diabetic retinopathy ([@B14],[@B45],[@B46]) and associated with retinal hematomas. Autophosphorylation of the VEGF-R2 upon VEGF binding and subsequent activation of c-src mediate the angiogenic effects. In our model, we found increased expression of soluble VEGF-A isoforms and its cognate receptor. Basal levels of the phosphorylated VEGF-R2 as well as c-src were higher, providing evidence that the endogenous VEGF system contributes to enhanced angiogenic potential of brain microvascular endothelial cells in diabetes. Because these cells already are exposed to higher endogenous VEGF levels, further stimulation with exogenous VEGF does not have an additional effect on VEGF-R2 activation that is seen in control cells, suggesting differential regulation of angiogenic signals in control and disease models.

Growing evidence suggest that reactive oxygen and nitrogen species such as peroxynitrite can act as signaling molecules and mediate VEGF's angiogenic properties ([@B47]). As depicted in [Fig. 8*C*](#F8){ref-type="fig"}, we hypothesized that VEGF causes sequential stimulation of VEGF-R2, peroxynitrite, c-src, and MMPs and that peroxynitrite sustains VEGF-R2 phosphorylation, augmenting the angiogenic signal. Consistent with our hypothesis and our data with microvessel preparations and BMECs at baseline conditions, inhibition of VEGF, peroxynitrite, c-src, or MMPs completely prevented the greater migratory response in diabetic cells. When cells were stimulated with VEGF, control cells responded with increased VEGF and c-src phosphorylation, as reported in the literature with retinal microvascular endothelial cells, but diabetic cells did not show a further increase in VEGF or c-src activation, indicating that the system may be saturated. When cells were treated with FeTPPs, however, under baseline or VEGF stimulation conditions, VEGF-R2 phosphorylation was significantly decreased, confirming previous reports that peroxynitrite sustains VEGF-R2 activation and modulates the angiogenic signal in brain microvascular endothelial cells.

MMPs are involved in angiogenesis by degrading the matrix and allowing cells to migrate ([@B48],[@B49]). MMP-2 and MT1-MMP, a secreted and membrane-bound form, respectively, are essential to initiate angiogenic responses. We have previously reported that increased MMP-2 and MMP-9 activities in brain micro- and macrovessels in our diabetes model ([@B9],[@B21]). In the current study, we found increased cellular MMP-2 activity and MT1-MMP protein. Moreover, treatment of cells with a broad spectrum MMP inhibitor minocycline prevented the cell migration in diabetes. We previously reported that chronic treatment of diabetic rats with minocycline prevents vascular remodeling and pial neovascularization in this model. Taken together, MMP activation contributes to angiogenic response of brain vascular endothelial cells. Of interest, we found that cellular, but not secreted, MMP-2 was increased in BMECs from diabetic animals, suggesting that either cells retain MMP-2 for another purpose or there is a defect in its secretion, which needs further investigation.

There are several limitations of the current study. First, we measured neovascularization and angiogenesis in a mild and lean model of diabetes, unlike the clinical conditions where diabetes and obesity are generally comorbid conditions. Blood glucose levels and resulting oxidative stress may be an important factor in the regulation of angiogenesis. However, this model helps us to tease out how moderate increases in blood glucose can contribute to pathological angiogenesis. As such, additional studies are needed to compare and contrast our findings with other models of diabetes. Second, we used an in vitro culture model to study the mechanisms of increased angiogenesis. However, cells isolated from diabetic rats retained their angiogenic potential and served as a good model. Third, we focused on VEGF, but involvement of other angiogenic factors cannot be ruled out. Nevertheless, there are novel and innovative aspects of this study that include *1*) spatial characterization of angiogenesis in different brain regions that are relevant to neurovascular injury, *2*) comparison of molecular signaling mechanisms that regulate emergence of capillaries under control and diabetic conditions, and *3*) comparison of the angiogenic response in different vascular beds affected by diabetes. Collectively, our data advance our knowledge of cerebral angiogenesis in health and disease.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1528/-/DC1>.
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